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 Mammalian spinal cord injury is permanent due in part to a lack of local injury-
induced neurogenesis.  For the zebrafish, however, even complete spinal transection is 
temporary: the adult recovers within 6-8 weeks postinjury.  We sought to create a 
companion model for studying regeneration after spinal cord injury (SCI) in the larval 
zebrafish.  We have shown that recovery in the larval animal is even more rapid than in 
the adult: injured larvae exhibit sensory recovery within 2 days postinjury (dpi) and 
functional recovery by 5dpi, thereby establishing the larval zebrafish as a tractable 
companion model for studying regeneration after SCI. 
 Dbx1 expression labels a transient multipotent progenitor population in the 
murine spinal cord.  As recovery from SCI relies in part upon a resident neural progenitor 
population, we asked whether an analogous population might exist beyond 
embryogenesis in the zebrafish. We found that dbx1a-expressing cells persisted as 
neurogenic radial glial progenitors beyond embryogenesis and that they contribute to 
the neurogenic response after SCI that may be exploited for healing measures after SCI. 
We next asked if Wnt/β-catenin signaling might regulate SCI-induced 
regeneration.  Using a Wnt reporter line, we found reporter expression in the blastema 
following injury, and that blastemal radial glia expressing the reporter were neurogenic.  
For further analysis, we generated a transgenic line with tamoxifen-inducible Cre activity 
to permanently label radial glia.  During development, converted cells were quiescent 
spinal radial glial, nominally neurogenic.  However, after SCI, converted cells 
proliferated in the blastema and became highly neurogenic.  In the presence of IWR1, a 
 Wnt inhibitor, converted cells showed a neurogenic delay after SCI; this delay was due to 
inhibited expression of proneural gene ascl1a. 
My work has characterized the contributions of radial glial neural progenitor cells 
during development and their injury-induced response during spinal cord regeneration.  
I’ve established new genetic tools and reproducible techniques for continued analysis of 
the mechanisms involved in spinal cord regeneration.  Nature has already developed a 
regenerative solution to spinal cord injury; continued study of this amazing process will 
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Why we study spinal cord regeneration 
 
The spinal cord acts as the conduit of the central nervous system (CNS), the 
 
bidirectional ‘freeway’ of information between the brain and rest of the body.  In the  
 
event of spinal cord injury (SCI), that freeway is damaged: communication from the  
 
brain dead-ends at the level of injury, as does communication from the periphery.  Some  
 
animals, like the zebrafish Danio rerio are able to recover sensory and motor function  
 
even after complete spinal transection (Becker et al., 2004).  At this time, however,  
 
people are unable to recover lost abilities after SCI.  
 
 
Spinal cord injury in humans: statistics 
 
SCI is permanent in people, and affects multiple aspects of the afflicted’s life: 
 
mobility,  life expectancy, economic burden, and reduced quality of life (Strauss et al.,  
 
2006).  An  expensive chronic condition, SCI costs an average of $100k per year (FY  
 
2013) in ongoing medical costs in the US (DeVivo, 2012).  With approximately 12000  
 
new cases of SCI in the US each year, continued research is necessary to identify  
 
therapeutic targets that could one day restore spinal function after injury (DeVivo, 2012;  
 
National Spinal Cord Injury Statistical Center, 2013).  
 
 
Loss of sensory and motor function after SCI is permanent in humans 
 
Several mechanisms have been identified that contribute to our inability to  
 
regenerate our spinal cord after injury including a lack of axonal growth at the injury site 
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(Bradbury et al., 2002), as well as the inability to reinitiate neurogenesis (Figure 1.1;  
 
Darian-Smith, 2009; Wang et al., 2014). 
 
 
Inability to regenerate axons at site of injury 
 
The ability to regrow severed axons through the site of injury is necessary to 
restore synaptic communication. However, in the first hours following spinal cord injury 
in humans, phagocytic macrophages at the injury site promote growth cone collapse and 
axonal dieback, possibly in an effort to contain the injury and prevent spread of infection 
(Busch et al., 2009; McPhail et al., 2004).  Microtubule destabilization within the axon 
itself also promotes axonal retraction (Hellal et al., 2011). 
The myelinating cells of the CNS are oligodendrocytes, which exist in symbiosis 
with neuronal axons.  Axonal dieback promotes oligodendrocytic apoptosis.  The loss of 
oligodendrocytes leads to additional axonal degeneration, which ultimately leads to a 
reduction in the number of surviving axons at the injury site (Stirling, 2004).   
In addition to the loss of axons as a direct result of injury, there is collateral  
 
damage as well.  Injured axons release their calcium stores into their microenvironment.   
 
This eflux of calcium triggers mass depolarization in uninjured axons, leading to  
 
degeneration of previously healthy neurons (Ouardouz et al., 2003; Stirling et al., 2014). 
 
 
Lack of neurogenesis at site of injury 
  
Local neurogenesis at the site of spinal injury is required for reestablishment of  
 
central pattern generators (CPGs), internal neural networks capable of supporting  
 
ongoing rhythmic movement such as walking, hopping, or swimming (MacKay-Lyons,  
 
2002).  Postembryonic neurogenesis is dependent upon a resident neural progenitor  
 
population (Emsley et al., 2005).  Unfortunately, progenitor cell activation is extremely  
 
poor in the injured human spinal cord: spinal cord trauma recruits astrocytes to the  
 
injury site, where reactive astrogliosis forms a glial scar (Figure 1.2; Okada et al., 2004).   
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This glial scar is highly inhibitory towards neurogenesis: increased epidermal growth  
 
factor receptor (EGFR) expression in activated astrocytes triggers EGFR signaling in  
 
local progenitor cells at the injury site, promoting gliogenesis instead of differentiation  
 
along a neuronal pathway (Barkho et al., 2006; Ju et al., 2012).  
 
 
Effects of SCI are not permanent in some animals 
 
Unlike humans, multiple species of teleost fish and urodeles have been identified  
 
as retaining the ability to regenerate their spinal cord throughout the life of the animal  
 
(see Figure 1.3).  Mammalian neonates born in an immature state such as opossums also  
 
temporarily retain the ability to repair their spinal cord after injury (Wheaton et al.,  
 
2011).  However, it is not clear whether spinal cord repair in developmentally immature  
 
mammalian neonates is truly regeneration, an extension of the embryonic development  
 





Various spinal lesion methods including cervical spinal hemisection, thoracic 
spinal transection, and thoracic spinal crush have been used in rat, mouse, opossum, and 
cat neonates to study spinal cord repair (Bernstein-Goral and Bregman, 1993; Forssberg 
et al., 1980; Fry et al., 2003; Ujigo et al., 2014).  Evidence for true regeneration in 
mammalian neonates primarily comes from double-labeling studies, where rostral axons 
are labeled pre-injury with a dye such as fast blue, and caudal axons are labeled 
postinjury with another dye such as rhodamine.  In animals that regenerate, double-
labeled axons are observed both in the injury site and rostral to the injury site.  Double-
labeled axons were found in postinjury rat, mouse, and opossum neonates, suggesting 
that these animals do indeed regenerate their spinal cords (Bates and Stelzner, 1993; 
Boulland et al., 2013; Saunders et al., 1998).  However, this period of regeneration is 
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limited: opossums can regenerate their spinal cord providing the injury occurs before 
P12; injury after this timepoint is permanent.  A similar timeframe is observed in rat and 




The majority of spinal cord regeneration research in the anamniote has focused 
on the adult animal, using tail amputations, serial spinal transections, spinal 
hemisection, or spinal crush to induce injury (Becker et al., 1997; Egar and Singer, 1972; 
McHedlishvili et al., 2012; Moftah et al., 2008).  Urodele amphibians, including the newt 
and axolotl, show robust axonal regrowth and neurogenesis even after serial spinal cord 
transection (Chernoff et al., 2003). Functional recovery in the injured adult urodele is 
observed as early as 4 weeks postinjury (Diaz Quiroz et al., 2014); however, sensory 
axons do not appear to regenerate (Zukor et al., 2011). 
Unlike urodeles, regeneration after spinal cord injury includes both functional 
and sensory recovery in adult teleost fish.  Carp and goldfish recovery approximates pre-
injury levels within 60-100 days postinjury (Takeda et al., 2008; Yamada et al., 1995; 
Zottoli and Freemer, 2003), while the weakly electric ghost knifefish shows recovery 
within 22dpi (Unguez, 2013). 
One teleost model of spinal cord regeneration in widespread use is the zebrafish  
 
Danio rerio. Spinal cord injury in the adult zebrafish has been well-characterized:   
 
axonal regrowth across the injury site begins within 3dpi (Goldshmit et al., 2012), and  
 
functional recovery is restored within 6-8wpi (Becker and Becker, 2008; Becker et al.,  
 
1997; Hui et al., 2010; Kuscha et al., 2012). To demonstrate that postinjury neurogenesis  
 
also occurs in the zebrafish, the Appel lab showed that olig2+ neural progenitor cells  
 
(NPCs) can (albeit rarely) generate motor neurons at the injury site 6-8 weeks postlesion  
 
(Reimer et al., 2008).   
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              To be of maximal therapeutic benefit, however, spinal NPCs would have to show  
 
robust proliferation and neuronal differentiation following injury.  In light of the limited  
 
neurogenic contribution of olig2+ NPCs following injury, other subpopulations of spinal  
 
NPCs would be ideal candidates for further investigation. 
 
 
Neural progenitor cells during development 
 
CNS neurons are derived from neuroepithelial progenitors, some of which  
 
differentiate as radial glia (Mori et al., 2005).  During development, a subpopulation of  
 
these radial glia (RG) will persist as NPCs (Figure 1.4; Anthony et al., 2004; Malatesta et  
 
al., 2000).  In the mammalian CNS, most NPCs lose their neurogenic ability during  
 
development, terminally differentiating as astrocytes by the end of embryogenesis  
 
(Hirabayashi and Gotoh, 2005; Miller and Gauthier, 2007; Rakic, 2003).  However, in  
 
some anamniotes, RG do not terminally differentiate but instead persist widely  
 
throughout the CNS for the life of the animal (Schmidt et al., 2013; Tozzini et al., 2012).  
 
Intriguingly, just as in the embryonic mammalian CNS, some of the anamniotic RG  
 
persist as NPCs capable of reinitiating neurogenesis after injury (Kroehne et al., 2011;  
 
Rothenaigner et al., 2011).  Identifying a population of spinal NPCs that persist beyond  
 
embryogenesis in a regenerative animal model is the first step in identifying a  
 





RG NPCs persist in several previously identified stem cell niches in the CNS, 
including the sub-ventricular zone (SVZ) of the lateral ventricles, sub-granular zone 
(SGZ) of the hippocampus, the teleost telencephalon, and retina (Adolf et al., 2006; 
Ahmad et al., 2000; Cameron et al., 1993; Nagashima et al., 2013).  NPCs in these 
microenvironments retain the ability to generate functional neurons that can be 
incorporated  into existing neural architecture: for example, in the mammalian SVZ, 
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neuroblasts are continually generated that subsequently migrate to the olfactory bulb by 
way of the rostral migratory stream, where they differentiate as neurons (Lois and 
Alvarez-Buylla, 1994).  Unlike the NPCs of the SGZ and SVZ, NPCs of the retina are 
generally quiescent beyond embryogenesis; however, in regenerative animals, they are 
able to respond to injury by reinitiating asymmetrical division that both maintains the 
NPC population and replaces damaged photoreceptors of the eye (Meyers et al., 2012). 
Evidence for a stem cell niche in the spinal cord is minimal; however, there is a  
 
growing body of research suggesting that multipotent quiescent spinal NPCs persist in  
 
the ependymal zone of the central canal beyond embryogenesis (Hamilton et al., 2009;  
 
Ke et al., 2006; Ohori et al., 2006; Park et al., 2007; Sabourin et al., 2009; Yamamoto et  
 
al., 2001).  Demonstrating that these quiescent spinal NPCs can re-enter the cell cycle  
 
and reinitiate neurogenesis in response to injury is important for future clinical  
 
applications focused on enhancing endogenous neuroregenerative modalities. 
 
 
Use of stem cells in the treatment of spinal cord injury 
 
Two main areas of research focus on spinal cord repair: axonal regrowth and  
 
neurogenesis via stem cell therapy (SCT).  The general study of axonal regrowth can be  
 
further subdivided into mechanistic analysis of molecular inhibition and molecular  
 
activation.  Studies of molecular inhibition of axonal regrowth following injury seek to  
 
find ways to “inhibit the inhibitor:” IL6R, Nogo-A, and EGFR are known inhibitors of  
 
axonal regeneration (Atalay et al., 2007; Ju et al., 2012; Okada et al., 2004).  Physiologic  
 
or pharmacologic manipulation of the spinal injury microenvironment to repress these  
 
inhibitors would be of great benefit to the spinal regeneration field.  Indeed, several  
 
promising agents have been identified and are currently in clinical trial: ozanezumab,  
 
which blocks Nogo expression; tocilizumab which inhibits IL6R expression; and  
 
dacomitinib, an inhibitor of EGFR (Emery et al., 2008; GlaxoSmithKline, 2000;  
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Massachusetts General Hospital et al., 2000).  Identifying and enhancing the expression  
 
of pro-axonal regrowth molecules is equally important: musashi1, sodium hyaluronate- 
 
CNTF, microRNA-201, and FGF2 have each been implicated in promoting axonal  
 
regrowth following injury (Goldshmit et al., 2012; Okano, 2002; Ujigo et al., 2014; Wang  
 




SCT for SCI examines the application of transplant tissue or activation of 
endogenous NPCs. Pioneers in the SCT for SCI field began by transplanting fetal rat-
derived segments of spinal cord into injured adult rats.  These grafts successfully 
integrated into the adult spinal cord and made new neurons (Reier et al., 1983).  In light 
of the ethical and moral considerations associated with embryonic SCT, some 
researchers have moved towards examining the efficacy of induced pluripotent stem cells 
(Nutt et al., 2013; Okano and Yamanaka, 2014; Sareen et al., 2014). While this field of 
research is still in its infancy, current results are encouraging: in most cases, 
transplanted cells are not rejected by the host and go on to make neurons, 
oligodendrocytes, and astrocytes.  At this time, however, these newly formed neurons are 
not integrated into existing circuitry and do not contribute to functional recovery (Nutt 
et al., 2013).  
      An alternative SCT for SCI utilizes endogenous NPCs, and has much in common 
with the research focused on the molecular activation of axonal regrowth: both seek to 
identify molecules and pathways that can promote therapeutic improvement. 
Injection of granulocyte-macrophage colony stimulating factor (GM-CSF) immediately 
after spinal hemi-section inhibited glial scar formation in rats (Huang et al., 2009).  In 
mice, GM-CSF injection immediately after SCI increased the number of NPCs at the site 
of injury and promoted a slight increase in the number of newly born neurons in the 
injury field at 14dpi; however, it is not known whether these new neurons were 
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integrated into existing circuitry or contribute to functional and sensory recovery 
(Hayashi et al., 2009). 
Expression analysis of Sox11b mRNA after adult zebrafish SCI showed its 
upregulation in both the ependymal cells lining the central canal and in immature 
neurons (Guo et al., 2011).  Using a vivo-morpholino (a morpholino designed for use in 
adult animals) against Sox11b, this same group showed that Sox11b is essential for 
functional recovery after spinal transection. Interestingly, their findings also suggest that 
the proneural transcription factor achaete-scute complex homolog 1a (Ascl1a/Mash1a) is 
a downstream target of Sox11b.  Promising as these results are, more studies are required 
to clearly elucidate the role of Sox11b in adult neurogenesis after SCI, ideally using 
genetic tools. 
The methods described for activating NPCs after SCI show some success in  
 
promoting neurogenesis at the site of injury.  However, these methodologies use a  
 
shotgun approach: NPCs are being activated, but there is no way to identify which  
 
subpopulation(s) of NPCs are being targeted. Since some NPC populations preferentially  
 
differentiate as oligodendrocytes or astrocytes instead of neurons (Asano et al., 2009;  
 
Freeman, 2010; Steffenhagen et al., 2012), the ability to identify neural progenitor  
 
populations for activation would be helpful in moving these treatments into therapeutic  
 
application following SCI. 
 
 
Identification of neural progenitors in the postembryonic spinal cord 
 
New NPC populations can be identified using either a candidate approach via  
 
lineage analysis or discovery-based screening.  Several NPC subpopulations have been  
 
identified using the candidate approach: Dbx1+ and olig2+ NPCs are discrete multipotent  
 
subpopulations, each able to contribute to all three spinal cell types in the mouse:  
 
oligodendrocyte, neuron, and astrocyte (Fogarty et al., 2005; Masahira et al., 2006; Park  
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et al., 2004).  However, gene expression-mapping studies show gaps between the fields  
 
of these two NPC subpopulations, suggesting that there are other NPC subpopulations  
 
yet to be identified. 
 
Database mining of known genes expressed in both the developing and adult 
spinal cord with enrichment criteria (i.e., the cells expressing these genes also have to 
express multiple radial glial markers such as GFAP and BLBP) has yielded markers of 
other NPC subpopulations (Petit et al., 2011).  Microarray analysis of postSCI tissue and 
RNA-seq analysis of  Xenopus regenerative vs. nonregenerative spinal cord have 
identified multiple candidate genes that may be involved in neurogenesis as well (Hui et 
al., 2014; Lee-Liu et al., 2014).   
At the time I began my studies, these NPC markers had only been characterized  
 
in nonregenerative animals.  Prior to identifying methods to reactivate spinal NPCs in  
 
humans, we first need to confirm expression of these NPC markers in a regenerative  
 
model, and then characterize and challenge their neurogenic capacity with SCI.  
 
 
Role of Wnt signaling during development and injury repair 
 
Wnts are secreted glycoproteins that play a critical role in determining cell  
 
polarity, body axis, and cell fate specification during development (Cadigan and Nusse,  
 
1997; Logan and Nusse, 2004).  Curiously,  canonical Wnt signaling (β-catenin  
 
dependent Wnt signaling) is also upregulated by injury, regardless of tissue affected or  
 
type of injury (Lento et al., 2014; Ramachandran et al., 2011; Wang et al., 2011).  The  
 
pathway begins with a Wnt ligand binding to target cell receptors and co-receptors  
 
Frizzled and LRP5/6, respectively.  This event targets Axin2 to the cellular membrane,  
 
thereby facilitating the stabilization of cytoplasmic β-catenin, which can then move into 
 





Role of Wnt signaling during spinal cord development 
 
       Several canonical Wnts are expressed during development of the dorsal spinal  
 
cord, including Wnt1, Wnt4, Wnt5a, Wnt8, and Wnt10. Wnts 1 and 5a govern  
 
corticospinal tract projection and correct pathfinding (Liu et al., 2005), while Wnt8  
 
mediates the posteriorization of neural tissue (Erter et al., 2001).  Wnts also regulate cell  
 
proliferation (Bonner et al., 2008; Zechner et al., 2003), and promote V2 neuronal  
 
differentiation while inhibiting motor neuron formation (Yu et al., 2008). 
 
In mammals, canonical Wnt signaling is normally turned off by the end of  
 
embryogenesis.  In contrast,  animals with regenerative capacity as adults continue to  
 
express canonical Wnts at low levels in the spinal cord, expression of which is increased  
 
during the regenerative response to SCI (Caubit et al., 1997; Liu et al., 2008).  However,  
 
the role of Wnt signaling after SCI has only been examined in its capacity to facilitate  
 
axonal regrowth – its role in injury-induced neurogenesis has not been examined. 
 
 
Role of Wnt signaling in injury repair 
 
Whether in bone, pancreas, skin, or CNS, Wnt signaling is upregulated following  
 
injury (Ito et al., 2007; Keefe et al., 2012; Meyers et al., 2012; Minear et al., 2010). 
 
In response to zebrafish retinal injury, the terminally differentiated Müller glia 
(MG) dedifferentiate and re-enter the cell cycle, undergoing self-renewing proliferation 
to make multipotent progenitors that eventually replace injured photoreceptors (Figure 
1.5A; Meyers et al., 2012). Genes associated with MG dedifferentiation include the 
proneural transcription factor Ascl1a and lin28, a protein associated with self-renewal of 
stem cells and regeneration (Ramachandran et al., 2011; Shyh-Chang et al., 2013). Ascl1a 
regulates the dedifferentiation program via canonical Wnt signaling: in the absence of 
Ascl1a, Dickkopf-related protein 1  (dkk1, an inhibitor of canonical Wnt signaling) is not 
suppressed, and fewer MG-derived photoreceptors are found in the retina postinjury 
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(Ramachandran et al., 2011).  Additionally, inhibition of canonical Wnt signaling using 
genetic or pharmacologic means prevented injury-induced dedifferentiation of MG. 
When Wnt signaling was constitutively activated, dedifferentiated MG persisted as 
multipotent progenitors and failed to differentiate as either MG or photoreceptors 
(Meyers et al., 2012).  Together, these findings suggest that canonical Wnt signaling is 
required for the dedifferentiation and proliferation of MG following injury, but not for 
their differentiation as photoreceptors. 
Following caudal fin amputation, both dedifferentiated and local stem cells 
contribute to blastema formation in zebrafish (Figure 1.5B; Stoick-Cooper et al., 2007). 
Three stages of regeneration have been characterized following caudal fin amputation: 
formation of the wound epidermis is the first stage, and persists until 24 hours 
postinjury (hpi).  Blastema formation is the second stage and lasts until 48hpi. The third 
stage, regenerative outgrowth, commences at 48hpi and persists until healing is 
complete. Wnt expression is detectable at the distal tip of the tail with 3hpi, with Wnt 
reporter TOPdGFP expression detectable in the blastema by 2dpi (Stoick-Cooper et al., 
2007).  To verify that canonical Wnt signaling was required for caudal regeneration, the 
Moon lab injured hs:dkk1-GFP fish and subjected them to heat shock during recovery.  
They found that if fish were heat-shocked beginning at 24hpi, no regeneration 
occurred.  Further analysis showed that the block in regeneration was not due to failed 
wound healing; rather, it was due to failure of blastemal formation and proliferation.  If 
instead fish were heat-shocked beginning at 72hpi, regeneration was arrested due to lack 
of cell differentiation.  Conversely, overexpression of Wnt using hs:wnt8a-GFP showed 
enhanced regeneration and increased proliferation of the blastema (Stoick-Cooper et al., 
2007).   These data indicate that canonical Wnt signaling is required for the proliferative 
response to caudal fin amputation, as is also observed in the regenerating retina.  These 
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data also show a role for canonical Wnt signaling in differentiation after caudal fin 
amputation, which is not required in the regenerating retina.   
The role of Wnt signaling in SCI-induced neurogenesis has not been previously  
 
characterized.  However, preliminary studies using hs:dkk1-GFP fish treated with BrdU 
  
from 4-5 days postfertilization (dpf), injured at 5dpf, and heat-shocked twice daily  
 
during recovery showed a significant reduction in both the number of BrdU+ cells and  
 
the number of newly born neurons in the blastema, suggesting a requirement for  
 
canonical Wnt signaling in spinal cord regeneration as well.   Identifying a mechanism by  
 
which the neurogenic response to SCI is regulated will help focus ongoing research in  
 
spinal cord regeneration. 
 
 
Overview of Chapters 2-4 
 
Chapter 2 presents the larval model of spinal cord injury utilized in Chapters 3  
 
and 4.  A companion model to the adult zebrafish, this paradigm takes advantage of  
 
speedy throughput, faster recovery times, larval transparency for in vivo observations,  
 
and the availability of genetic models not otherwise accessible in the adult. 
 
Chapter 3 focuses on characterizing an NPC population identified via dbx1a 
expression.  I first demonstrated that dbx1a mRNA was expressed until at least 14dpf, 
and confirmed that in the dbx1a:eGFP line, GFP and dbx1a mRNAs co-localized in the 
spinal cord.  I next showed that dbx1a:eGFP+ progenitors persist beyond embryogenesis 
as GFAP+ radial glia that contribute to the spinal neuronal population.  I also verified 
that dbx1a:eGFP+ NPCs were a separate subpopulation from olig2+ NPCs, and that more 
dbx1a:eGFP+ NPCs expressed the neural progenitor marker Sox3 than their olig2+ 
counterparts at 5dpf.  Using Tg(elavl3:eGFP) to label all neurons in the spinal cord, I 
established the timeline of recovery following SCI at 5dpf: extensions from the rostral 
stump projecting into the injury field were detected as early as 5dpi, with functional and 
13 
sensory recovery by 9dpi.  Lastly, I showed that dbx1a:eGFP+ cells proliferate and make 
new neurons in response to injury. 
Chapter 4 examines the role of Wnt signaling following SCI using the injury 
model described in Chapter 2.  Using the Wnt reporter Tg(7xTCF-Xia.Siam:GFP), I first 
confirmed that Wnt was expressed in the blastema from 1-7dpi. Using this same line, I 
next demonstrated that GFP+ cells are radial glial neural progenitors (GFAP+, Sox3+) and 
that these GFP+ cells can make neurons. To continue our analysis, I chose to 
pharmacologically inhibit Wnt signaling using IWR1.  To confirm that IWR1 has no effect 
on endogenous homeostasis, I incubated uninjured fish in IWR1 starting at 5dpf for 2 or 
5 days. I showed that IWR1 does not affect homeostatic rates of proliferation in the gut (a 
tissue with a high rate of turnover) and the spinal cord (low rate of turnover) after long 
or short pulses of IWR1.  I next introduced a new line generated to label spinal radial glia 
with temporal control: Tg(GFAP:CreERt2, cry:YFP).  Crossing this line to Tg(ubi:loxP-
GFP-stop-loxP-mCherry) (“Ubi:switch”), administering 4-OHT (a tamoxifen 
metabolite), and subsequent characterization of converted red cells showed that they 
colocalized with GFAP antibody staining, confirming this was an effective tool for 
permanently labeling radial glia.  Additional analysis showed that developmentally, red 
cells do make neurons, albeit rarely; I also showed that converted cells were typically 
quiescent, with few BrdU+,dsRed+ cells observed in the intact spinal cord.  To determine 
the response of converted cells to SCI, I injured animals at 5dpf and incubated them with 
or without IWR1.  I found that converted cells arrested as GFAP+ progenitors rather than 
differentiating as neurons.  To explain this observation, I confirmed that inhibition of 
canonical Wnt signaling after SCI using IWR1 reduced both the number of red BrdU+ 
cells in the blastemal as well as the number of converted neurons. 
Taken together, I have established both a new model of spinal cord injury to 
study the molecular mechanisms of regeneration, and a new genetic tool to permanently 
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label radial glia under temporal control.  I have showed that NPCs in the larval zebrafish 
spinal cord robustly respond to injury by proliferating and increasing their rate of 
neurogenesis.  I have also demonstrated the requirement for canonical Wnt signaling in 
regenerative neurogenesis, which is explained in detail in Chapters 2-4. 
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Figure 1.1: Spinal cord injury in nonregenerative animals.  (A) Injured spinal cord.  (B) 
Macrophage-induced inflammation triggers reactive gliosis in local astrocytes, leading to 
the formation of a glial scar.  Both the microenvironment and secreted factors of the glial 
scar inhibit axonal regrowth and neurogenesis, resulting in permanent injury.  Adapted 






Figure 1.2: Glial scar inhibits injury-induced neurogenesis.  Activated astrocytes in the 
glial scar express high levels of EGFR, triggering EGFR signaling in NPCs, promoting 




Figure 1.3: Spinal cord injury in regenerative animals. (A) uninjured spinal cord.  (B) 
Within 24 hours postinjury in the larval zebrafish (1 week postinjury in the newt), spinal 
stumps have retracted from plane of injury and a regenerative blastema has formed. (C) 
Between 1-3 days postinjury in the larval zebrafish (1-6wpi in newt), radial glia extend 
processes into injury site from both stumps; NPCs and newly born neurons are 
detectable in the blastema by this time, as are regrowing axons.  (D) By 9dpi in larval 
zebrafish (6-8wpi in adult zebrafish, 6-9wpi in newt), the stumps have rejoined and 
injured animals exhibit functional recovery. CC = central canal.  Adapted from Zukor, 












Figure 1.4: Neural development.  Radial glial marker GFAP is expressed by both neural 
stem cells (NSCs) and NPCs.  Wnt is required for the differentiation of NSC to NPC, but 
must be inhibited for an NPC to progress to neural precursor.  In regenerative animals, 
NPC self-renewal persists beyond embryogenesis due to low levels of continued 
canonical Wnt expression; this self-renewal capacity is lost neonatally in non-





Figure 1.5: Wnt in zebrafish injury repair. (A) In the regenerating retina, damaged 
photoreceptors trigger the activation of quiescent Müeller glia to resume proliferation 
and the production of new photoreceptors.  Mueller glia increase expression of Ascl1a 
which promotes Wnt/β-catenin signaling by inhibiting Dkk.  (B) After caudal fin 
amputation, Wnt/β-catenin signaling is detected at the distal tip within 2dpi.  In the 









































Reprint of: Briona, L. K., Dorsky, R. I. Spinal Cord Transection in the Larval Zebrafish. J. 
Vis. Exp. (87), e51479, doi:10.3791/51479 (2014). 
Reprinted with permission of Journal of Visualized Experiments.
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RADIAL GLIAL PROGENITORS REPAIR THE ZEBRAFISH 
 






































Reprinted from Experimental Neurology 256, Lisa K. Briona, Richard I. Dorsky, Radial 
glial progenitors repair the zebrafish spinal cord following transection, Pages 81-92, 
































































Supplementary Fig. 1.   
Identification of GFP+ cells suitable for analysis. Cells outlined in yellow are GFP+ based 
on colocalization of GFP expression with nuclear staining. Cells outlined in red are 
GFP+ but lack a nucleus in this particular section, and would thus not be considered a 
GFP+ cell suitable for analysis. (A–C) Compare with Fig. 2A. (D–F) Compare 









Supplementary Fig. 2.   
Axons cross the injury gap as part of the regenerative response. (A) Using anti-acetylated 
tubulin to label axons, there is a clear gap between spinal cord stumps with no axons 
crossing the injury site at 1dpi. (B) At 5dpi, multiple axons have crossed the injury site; 











Supplementary Fig. 3.   
Single confocal slice analysis of neurogenesis at 9dpi. (A–D) GFP+, HuC/D+ and 
BrdU+ cells (arrows) are present in the blastema, as are BrdU− neurons (arrowhead). 








WNT/ß-CATENIN SIGNALING IS REQUIRED FOR THE NEUROGENIC RESPONSE 
 




Spinal cord injury results in permanent sensory-motor loss in mammals, in part  
 
due to a lack of injury-induced neurogenesis.  Postembryonic neurogenesis depends  
 
upon a resident neural progenitor population, which in zebrafish persist as a subset of  
 
radial glia.  However, the molecular mechanisms regulating these progenitors remain  
 
uncharacterized. Wnt/ß-catenin signaling is necessary for the regenerative response of  
 
multiple tissues, including the zebrafish fin. However, it is not known whether spinal  
 
cord regeneration requires Wnt signaling as well.  Here we show that spinal radial glia  
 
exhibit Wnt/ß-catenin activity as they undergo neurogenesis following transection.  We  
 
then use Cre-mediated lineage tracing to label the progeny of radial glia and show that  
 
Wnt/ß-catenin signaling is required for progenitors to fully differentiate into neurons.   
 







Spinal cord injury (SCI) is a permanent, chronic condition in humans,  
 
representing significant economic and quality of life burdens (National Spinal Cord 
Injury Statistical Center, 2013).  However, SCI is not permanent in other vertebrates 
such as the zebrafish Danio rerio (Becker et al., 1997; Kuscha et al., 2012).  The 
remarkable recovery of sensory and motor function observed even after complete spinal 
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cord transection involves two companion paradigms of regeneration: axonal regrowth 
and de novo neurogenesis. Restoration of motor- and interneuron populations after 
injury rely upon activation of local neural progenitor cells (NPCs; Briona and Dorsky, 
2014; Reimer et al., 2008). In zebrafish, NPCs persist beyond embryogenesis as a 
subpopulation of radial glia (Johnson et al., 2014; Kizil et al., 2012). During 
development, NPC proliferation and maintenance is dependent upon the Wnt/ß-catenin 
pathway (Bonner et al., 2008; Gan et al., 2014; Wang et al., 2012).  In regenerative 
animal injury models, Wnt/ß-catenin signaling is upregulated in the regeneration 
blastema, and inhibition of Wnt/ß-catenin after injury arrests the regenerative process 
(Stoick-Cooper et al., 2007; Yokoyama et al., 2007). Following zebrafish caudal fin 
amputation, surviving terminally-differentiated cells dedifferentiate, proliferate, and re-
differentiate to regenerate lost tissue(Stewart and Stankunas, 2012).  Recently, it was 
shown that canonical Wnt signaling governed blastemal cell proliferation and osteoblast 
differentiation in the regenerating zebrafish caudal fin (Wehner et al., 2014).  Unlike the 
dedifferentiate-proliferate-redifferentiate paradigm of regeneration observed in 
zebrafish tail fin amputation, regeneration following spinal cord injury relies upon 
asymmetrical proliferation of local neural progenitor cells for recovery (Hui et al., 2010; 
Reimer et al., 2008). Whether Wnt/ß-catenin signaling regulates injury-induced 
neurogenesis following SCI as part of the regenerative process is not known. 
To identify and characterize the behavior of radial glia following SCI, we  
 
generated a stable GFAP:CreERt2 zebrafish line that shows rapid 4-OHT-inducible Cre  
 
activity.  We show here that a subpopulation of converted cells are GFAP+ radial glia that  
 
are minimally neurogenic during development, but that converted cells increase  
 
proliferation and neurogenesis in response to SCI in the larval zebrafish.  We also show  
 
that Wnt/ß-catenin activity is present in radial glia following transection, and that when  
 
signaling is pharmacologically inhibited after SCI, there is a reduction of neurogenesis by 
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converted NPCs.  Together, our data suggest that Wnt/ß-catenin signaling is required for  
 
the neurogenic response to SCI. 
 
 
Materials and methods 
 
Fish strains and staging 
 
Embryos were obtained from wildtype (AB*), Tg(7xTCF-Xla.Siam:GFP)ia4  
 
(7xTCF:GFP), and Tg(ubi:loxP-eGFP-loxP-mCherry)cz1701 (ubi:Switch), and staged  
 
according to Kimmel et al. (1995). Zebrafish were raised and bred in the University of  
 
Utah core facility Centralized Zebrafish Animal Resource according to standard  
 
procedures; experiments were approved by the University of Utah Institutional Animal  
 
Care and Use Committee. 
 
 
Vectors and transgenesis 
 
p5E-GFAP and pME-CreERt2 were generous gifts from Fabienne Poulain;  
 
destination vector pDestTol2cryYFP-pA was a kind gift from Christian Mosimann; p3E- 
 
polyA is Tol2kit vector #302, previously described (Kwan et al., 2007). 
 
Tg(GFAP:CreERt2,cry:YFP)zd16 is a Multisite Gateway assembly of p5E-gfap, 
pME-creErt2, and p3E-polyA, made according to standard protocols (Kwan et al., 2007), 
using LR Clonase II Plus (Invitrogen #12538-120). 
Plasmid DNA for injection was purified using HiSpeed Plasmid Midi Kit  
 
(Qiagen).  To generate transgenic zebrafish lines, 30ng/µl plasmid DNA and 25ng/µl  
 
transposase RNA were co-injected into 1-cell stage wildtype embryos using a PLI-100  
 
microinjector (Harvard Apparatus).  Embryos were screened for αcrystallin-YFP  
 
expression and raised to adulthood, when they were crossed with wildtype animals to  
 





4-OHT treatment for creERt2 induction 
 
Tg(GFAP:creERt2,cry:YFP)zd16 and Tg(ubi:Switch) animals were crossed, embryos  
 
[Tg(GFAPubi)] screened for robust GFP expression, and raised in recovery media (E2  
 
media + 0.2mM phenylthiourea (Sigma) + 10mg/L gentamycin sulfate (Amresco)) at  
 
28.5°C.  At 4 days postfertilization (dpf), larvae were transferred to fresh recovery  
 
media containing 10mM BrdU (Sigma) and 5µM 4-hydroxytaxmoxifen (4-OHT, Sigma)  
 
for 24 hours in the dark prior to surgery. 
 
 
Spinal cord injury 
 
Larvae were lesioned at 5dpf as described previously (Briona and Dorsky, 2013,  
 
2014).   Briefly, microinjection pipettes were broken, beveled, and used as glass scalpels.  
 
Larvae were anesthetized with 0.016% Tricaine (Sigma), and their spinal cords  
 
transected at the level of the anal pore with a glass scalpel.  Injured animals were allowed  
 





Inhibition of Wnt/ß-catenin signaling 
 
Animals were transferred to recovery media containing 35µM IWR1 (Sigma, 
 





Larvae intended for cryosectioning before immunohistochemistry were fixed in  
 
fresh 4% PFA for 1 hour at room temperature, washed in PBS, cryoprotected in sucrose,  
 
embedded in OCT, and sectioned at 50µm thickness on a Leica CM3050 as described  
 
previously (Briona and Dorsky, 2014).  Larvae intended for whole mount  
 
immunohistochemistry were fixed overnight in fresh 4% PFA at 4°C, equilibrated in  
 
PTW, heat treated in 70°C Tris-HCl pH 9.0, and dehydrated with acetone as described  
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previously (Inoue and Wittbrodt, 2011). Primary antibodies used were: Rabbit anti-GFP  
 
(1:5000, Invitrogen #A-11122), chicken anti-GFP (1:1000, Aves #GFP-1020), mouse  
 
anti-HuC/D (1:500, Invitrogen #A-21271), chicken anti-BrdU (1:500, ICL #CBDU-65A- 
 
Z), mouse anti-PCNA (1:1000, Sigma #p8825), rabbit anti-Sox3 (1:200, Pierce Custom  
 
Antibodies and Peptides), rabbit anti-DsRed (1:200, Clontech #632496), and mouse  
 
anti-GFAP (1:200, Zebrafish International Resource Center #zrf1). Secondary antibodies  
 
used were: goat anti-rabbit 488 (1:200, Invitrogen #A-11008), goat anti-rabbit 568  
 
(1:200, Invitrogen #A-11041), goat anti-rabbit cy3 (1:200, Jackson ImmunoResearch  
 
#111-165-003), goat anti-mouse 633 (1:200, Invitrogen #A-21050), goat anti-mouse cy3  
 
(1:200, Jackson ImmunoResearch #115-165-003), goat anti-chicken 488 (1:200,  
 
Invitrogen #A-11039), and goat anti-chicken 633 (1:200, Invitrogen #A-21103). Hoechst  
 





Larvae or sections were imaged using an Olympus FV-1000XY or Nikon A1  
 
confocal microscope housed in the University of Utah Cell Imaging Core Facility.  Images  
 





Analysis based on cryosection of uninjured fish used five nonconsecutive 
 
transverse sections from five embryos per timepoint; analysis based on injured fish used  
 
five fish per timepoint.  Antibody colocalization was scored using MaxZ projections  
 





All results were expressed as mean ± SEM.  Two-tailed two-sample equal 
 
variance Student t-tests were calculated using Excel; differences were considered  
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significant at p<0.05. 
 
 
Results and discussion  
 
Wnt reporter expression is upregulated in response to SCI 
Canonical Wnt gene expression is detected at the leading edge of the blastema in 
the regenerating zebrafish caudal fin as early as 6 hours postamputation (hpa), while 
Wnt reporter activity is detectable by 12hpa (Stoick-Cooper et al., 2007; Wehner et al., 
2014). Additionally, in the regenerating Xenopus limb bud, Xwnt3a is detectable in the 
blastema by 3 days postamputation (Yokoyama et al., 2007).  Inhibition of Wnt/ß-
catenin signaling in the regenerating tail fin or limb bud halts blastemal proliferation 
(Wehner et al., 2014; Yokoyama et al., 2007), Together, these data suggest that canonical 
Wnt signaling may be generally required for the proliferative response following injury 
in regenerative animals.  To determine whether Wnt/ß-catenin signaling was active 
during regeneration after SCI, we injured Tg(7xTCF:GFP) larvae and examined GFP 
expression daily from 1-9dpi; as we have previously shown that following spinal 
transection in the larval zebrafish, severed ends of the spinal cord rejoined within 9 days 
postinjury (dpi; Briona and Dorsky, 2014, Figs. 4.1A-E).  In uninjured spinal cord, we 
found that reporter expression was completely absent (not shown).  In contrast, GFP+ 
cells with radial glial-like morphology were observed in the blastema until 7dpi, 
suggesting Wnt activity is involved in the spinal regenerative process, and that the active 
window of analysis to further investigate the role of Wnt activity following injury is 1-
7dpi.   
To determine which cells express the Wnt reporter, we examined GFP and cell-
specific marker colocalization: GFAP to label radial glia, Sox3 to identify neural 
precursors, and HuC/D to identify neurons.  18% ± 9.96% of GFP+ cells were GFAP+ 
radial glia at 1-3dpi; this increased to 31% ± 7.54% by 5dpi (Fig. 4.1N).  Sox3+ Wnt-
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reporter expressing cells were detectable at 1dpi (data not shown).  At 1dpi, 9.08% ± 
3.23% of GFP+ were Sox3+; this proportion increased to 19.27% ± 6.02% at 3dpi, and at 
7dpi, 28.42% ± 2.25% of neural progenitors present also expressed the Wnt-reporter.  
Neural precursors arising from GFP-expressing radial glia were observed in the blastema 
as early as 3dpi (Figs. 4.1F-I, O), with 11.51% ± 7.28% Wnt-reporter-expressing cells 
positive for both GFAP and Sox3 expression.  This proportion decreased slightly but 
insignificantly at 5dpi to 10.16% ± 6.80%.   GFP+ neurons were detected by 5dpi (Figs. 
4.1J-M, P).  
These data show that Wnt signaling is upregulated in response to spinal 
transection in the blastema, suggesting that Wnt/ß-catenin signaling is an evolutionarily 
conserved response to injury, not just amputation (Stoick-Cooper et al., 2007).  We have 
also shown that approximately 20% of the reporter-expressing cells in the blastema are 
radial glia, and that most of these radial glia are Sox3+ neural progenitors.  These data 
suggest that Wnt/ß-catenin signaling is involved in the regenerative response to SCI. 
 
Tg(GFAP:CreERt2, cry:YFP)zd16 labels neurogenic spinal radial glia 
  
Neural progenitors in the zebrafish CNS persist as radial glia (Johnson et al., 
2014; Kizil et al., 2012).  To examine the neurogenic capacity of radial glia following SCI, 
we generated a stable transgenic line with CreERt2 expressed under the zebrafish gfap 
promoter: Tg(GFAP:CreERt2, cry:YFP).  When progeny from a cross to Tg(ubi:Switch) 
fish were exposed to tamoxifen, Tg(GFAP:CreERt2,cry:YFP; ubi:Switch) (Mosimann et 
al., 2011) double-positive embryos (hereafter referred to as GFAPubi) expressed mosaic 
mCherry in the spinal cord within 24 hours of exposure, thereby permanently labeling 
radial glia and their progeny. 
To characterize the behavior and identify the lineage of converted GFAPubi cells, 
we treated 4dpf embryos with 5µM 4-OHT for 24 hours, then raised them until 14dpf.  At 
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6dpf, 76% ± 3.42% of converted GFAPubi cells were GFAP+ based on zrf1 antibody 
staining (Figs. 4.2A-C).  The proportion of GFAP+ converted cells stayed relatively 
consistent until 14dpf, by which time it had decreased to 61% ± 3.22% (Fig. 4.2D).  
While GFAPubi converted cells contribute to the neuronal population by 10dpf, 
and 4.68% ± 1.25% converted cells expressing HuC/D were detected at 14dpf (Figs. 4.2E-
H), the low rate of neurogenesis indicates that GFAPubi labels a relatively quiescent 
population.  To measure proliferative activity, we incubated GFAPubi embryos with 5µM 
4-OHT and 10mM BrdU from 4-5dpf, then examined BrdU incorporation.  Between 6-
14dpf, the percentage of BrdU-labeled GFAPubi cells remained consistent, with an 
eventual decrease (Figs. 4.2I-L).  Together, these data indicate that radial glia undergo 
few cell divisions and do not generate many neurons in the uninjured spinal cord.   
These data show that most lineage-labeled cells persist long-term as GFAP+ radial 
 
glia, and that some of these cells are capable of contributing to the spinal neuronal  
 
population. In addition, we conclude that our Tg(GFAP:CreERt2, cry:YFP) line is an  
 
effective new addition to the zebrafish genetic toolbox for studying radial glia. 
 
 
Converted GFAPubi cells in the blastema proliferate and make 
  
neurons in response to SCI 
 
We next asked what contribution GFAPubi converted cells made to the 
regenerative process after SCI.  We incubated GFAPubi fish in 5µM 4-OHT for the 24 
hours immediately preceding spinal cord transection at 5dpf to mosaically label spinal 
radial glia and their progeny.  At 1dpi, 96.67% ± 3.33% of converted cells in the blastema 
were GFAP+ based on zrf1 antibody staining.  By 3dpi, only 32.52% ± 5.47% converted 
cells were GFAP+.  This decreasing trend continued until 5dpi, where merely 19.36% ± 
4.90% converted cells were GFAP+ (Figs. 4.3A-C, G).  The reduction in GFAP+ converted 
cells in the blastema could be due to cell death if the population of converted cells 
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remained quiescent after SCI. However, at 1dpi, 6.85% ± 0.26% of cells in the blastema 
were converted (mCherry+).  This proportion increased to 22.97% ± 6.19% at 3dpi, and at 
7dpi, 29.17% ± 7.55% of cells in the blastema expressed mCherry, suggesting that 
converted cells proliferate and differentiate in response to injury rather than remaining 
quiescent. 
To determine the neurogenic potential of GFAPubi converted cells, we examined 
mCherry and HuC/D colocalization after injury. mCherry+ neurons were observed in the 
blastema beginning 3dpi, where 34.85% ± 11.45% converted cells were HuC/D+.  The 
proportion of mCherry+ neurons slowly increased over the duration of the experiment, 
with 42.76% ± 3.91% of converted cells expressing the neuronal marker at 7dpi (Figs. 
4.3D-F, H).  In contrast to their minimally neurogenic nature during development, 
mCherry+ neurons represent 45.58% ± 4.71% of neurons in the blastema at 7dpi.    
Together these data show that GFAPubi labels a quiescent spinal neural  
 





Treatment with the Wnt inhibitor IWR1 after injury blocks Wnt  
 
activity but does not affect the endogenous rate of proliferation 
  
in uninjured gut and spinal cord 
 
Before using the small molecule inhibitor of Wnt response (IWR1) to test the role  
 
of Wnt/ß-catenin signaling in spinal cord regeneration, we first confirmed that a dose of  
 
35µM IWR1 was sufficient to inhibit Wnt-reporter expression in the blastema after SCI  
 
without being lethal (Fig. 4.4).  Low levels of canonical Wnt signaling are required for  
 
homeostatic proliferation (Bernascone and Martin-Belmonte, 2013; van Es et al., 2012).  
 
To verify that any IWR1-related observations after SCI were specific to the regenerative  
 
process, we next incubated uninjured 4dpf wildtype larvae in 10mM BrdU for 24 hours,  
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then transferred them to media containing 0µM or 35µM IWR1 for 2 days (short pulse)  
 
or 9 days (long pulse).  We examined gut (rapid turnover of tissue) and spinal cord  
 
(target tissue with slow rate of turnover) for BrdU incorporation and found that there  
 
was no significant difference between control and IWR1-treated animals at either  
 
timepoint examined (Fig. 4.5).  We therefore conclude that 35µM IWR1 is sufficient to  
 
inhibit Wnt signaling in response to injury, and that this concentration does not affect  
 
proliferation in uninjured tissue. 
 
 
IWR1 inhibits the neurogenic response of converted GFAPubi cells to SCI 
 
To determine whether Wnt/ß-catenin pathway signaling is required for spinal  
 
cord regeneration, we transferred injured GFAPubi larvae to recovery media containing  
 
35µM IWR1 6 hours after injury, as immersion in this IWR1-media immediately after  
 
injury resulted in 100% mortality by 18 hours postinjury (data not shown). 
 
No difference in the percentage of GFAP+ converted cells with or without IWR1 
was detectable at 1dpi; however, there was a significantly greater percentage of converted 
cells in the blastema of IWR1-treated larvae expressing GFAP at 3dpi and 5dpi compared 
to controls: 64.29% ± 12.02% vs. 32.52% ± 5.46% (3dpi) and 70.65% ± 8.33% vs. 19.36% 
± 4.89% at 5dpi, respectively (Figs. 4.6A-C, G; compare with Figure 4.3), suggesting that 
in the presence of IWR1, radial glial progenitors may be unable to differentiate as 
neurons and instead accumulate in the blastema as NPCs.   
Examination of mCherry+ neurons in the blastema confirmed that fewer neurons  
 
were made between 3-5dpi in the presence of IWR1, with a significant decrease observed  
 
at 5dpi: only 13.33% ± 7.30% mCherry+ cells expressed HuC/D (Figs 4.6D-F, H; compare  
 
with Figure 4.3).  We have shown previously that the peak of neurogenesis following SCI  
 
occurs at 5dpi (Briona and Dorsky, 2014); to determine whether Wnt/ß-catenin  
 
signaling is required for the neurogenic response to injury after this timepoint, we  
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allowed injured GFAPubi animals to recover in recovery media until 5dpi, then  
 
transferred them to recovery media + IWR1 from 5-7dpi and examined coexpression of  
 
mCherry and HuC/D.  No significant difference in the proportion of red neurons in the  
 
blastema was observed (Fig. 4.6H), suggesting that the critical window of Wnt/ß-catenin  
 





We present here a new transgenic line Tg(GFAP:CreERt2) that permanently labels 
radial glia under temporal control, representing a significant addition to the zebrafish 
genetic tool box.  In addition to studying the glial response to injury, this line can be used 
for glial fate mapping in other CNS tissues.  Using this new line, we have identified a 
quiescent GFAP+ spinal radial glia population that exhibits prolific neurogenesis in 
response to injury, suggesting that there are bonafide neural stem cells in the larval 
spinal cord.  At this point, we do not know whether this population is similarly active in 
the adult zebrafish. 
Our data clearly indicate that Wnt/ß-catenin activity, which is normally absent in 
the uninjured spinal cord, is rapidly induced in radial glial neural progenitors following 
SCI, and persists throughout the regeneration process. Using pharmacological 
inhibition, we have also shown that Wnt/ß-catenin signaling is necessary for injury-
induced neurogenesis in a stem-cell-based model of spinal cord regeneration, suggesting 
that this pathway has a conserved role in multiple regenerative responses.  Together 
these experiments lead to a model in which extrinsic Wnt signals are induced after spinal 
cord injury, and act directly on radial glia to promote their differentiation into neurons.  
Identifying downstream targets of canonical Wnt signaling involved in the neurogenic 
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Figure 4.1: Wnt reporter expression in the blastema after SCI.  (A-E) Time course of Wnt 
reporter expression after SCI shows pathway activity from 1-7dpi.  (F-I) Wnt reporter-
expressing cells are radial glial neural progenitor cells (arrow).  (J-M) Wnt reporter-
expressing cells make neurons (arrowhead). (N) Percentage of Wnt reporter cells 
expressing radial glia marker GFAP.  (O) Percentage of Wnt reporter-positive radial glia 
expressing neural progenitor marker Sox3.  (P) Percentage of Wnt reporter cells 
expressing pan-neuronal marker HuC/D.  n=5 at each timepoint; error bars = SEM; 





Figure 4.2: Tg(GFAP:creERt2, cry:YFP) labels radial glia. (A-C) a GFAP antibody colabels 
converted cells. (D) percentage of converted cells that express GFAP.  (E-G) converted 
cells make neurons.  (H) percentage of converted cells expressing HuC/D.  (I-K) 
converted cells are quiescent.  (L) percentage of converted cells incorporating BrdU.  






Figure 4.3: GFAPubi cells are neurogenic in response to injury. (A-C) converted cells in 
the blastema are radial glia.  (D-F) Converted cells express HuC/D in the blastema.  (G) 
Quantification of converted radial glia in the blastema.  (H) Quantification of converted 




Figure 4.4: 35µM IWR1 is sufficient to inhibit Wnt-reporter expression after SCI.  (A) 
10µM is insufficient (compare with Figure 4.1A).  (B) At 35µM, Wnt-reporter expression 













Figure 4.5: 35µM IWR1 does not affect endogenous rates of proliferation in uninjured 
animals.  (A-D) BrdU incorporation in the gut.  (A, C) controls; (B,D) with IWR1 for 
short pulse (B) or long pulse (D).  (E) quantification of BrdU incorporation in the gut.  
(F-I) BrdU incorporation in the spinal cord.  (F,H) controls; (G,I) with IWR1 for short 
pulse (G) or long pulse (I).  (J) quantification of BrdU incorporation in the spinal cord. 





Figure 4.6: GFAPubi cells are responsive to Wnt/ß-catenin signaling. (A-C) more 
converted radial glia are observed in the blastema when Wnt/ß-catenin signaling is 
inhibited by the addition of IWR1 in the recovery media, compare with Figure 4.3.  (J-L) 
Few converted neurons are observed in the blastema of IWR1-treated animals, compare 
with Figure 4.3.  (G) Quantification of converted radial glia in the blastema + IWR1.  (H) 
Quantification of converted neurons in the blastema + IWR1.  n=5 at each timepont; 














My studies originated from the following observations: that mammals lack the 
capacity for spinal cord regeneration while other vertebrates such as zebrafish retain that 
ability throughout their life, that Dbx1+ cells in the embryonic mouse spinal cord were 
multipotent but did not persist into adulthood, and that dbx1a+ cells in zebrafish were 
neurogenic (Fogarty et al., 2005; Gribble et al., 2007, 2009). To unite these 
observations, I hypothesized that dbx1a+ cells in the regenerative zebrafish were 
multipotent like their mammalian counterpart, and that they persisted beyond 
embryogenesis; that these cells were the key as to why zebrafish were regenerative in 
response to spinal cord injury (SCI) while mammals were not.  Furthermore, I proposed 
that dbx1a+ cells were able to contribute to the regeneration observed following SCI by 
reinitiating neurogenesis. 
When I initially began my studies, an adult zebrafish model of spinal cord injury 
existed, but it was not without limitations: an average 6 week recovery time, a lack of 
tissue transparency, and reduced availability of genetic tools suggested that a companion 
model was necessary to address these shortcomings (Becker et al., 1997; Kim et al., 
2000).  Previously published evidence had shown that neural progenitor cells (NPCs) 
persisted in isolated niches of the zebrafish central nervous system (CNS) beyond 
embryogenesis, but there was minimal evidence of their presence or neurogenic 
potential in the spinal cord (Adolf et al., 2006; Kriegstein and Alvarez-Buylla, 2009; 
Reimer et al., 2008). The mechanisms regulating injury-induced neurogenic activity of 
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spinal NPCs were unknown, but regenerative studies following amputation suggested  
 
Wnt/β-catenin signaling as a candidate (Ito et al., 2007; Stoick-Cooper et al., 2007;  
 
Yokoyama et al., 2007).  My research proved that the larval zebrafish was a suitable  
 
companion model for studying spinal cord regeneration; it also conclusively  
 
demonstrated that NPCs exist in the regenerative spinal cord, and that Wnt/β-catenin  
 
signaling moderated the neurogenic potential of NPCs following spinal cord injury. 
 
 
Findings and conclusions 
 
In Chapter 2, I established the larval zebrafish as a model for studying spinal cord  
 
regeneration following injury.   I showed that the larval zebrafish injured at 5 days  
 
postfertilization (dpf) exhibited rapid repair, recovering sensory and motor function  
 
within 5-9 days postinjury (dpi) instead of the 6 weeks observed in the adult zebrafish.   
 
Moving to a larval model of SCI permits in vivo analysis of the regenerative process and  
 
use of genetic tools not otherwise available in the adult zebrafish.  By severing the spinal  
 
cord at the level of the anal pore, I ensured that the injury was reproducible, and I also  
 
demonstrated that the larval zebrafish supports high throughput and large-scale  
 
analysis, with a trained technician able to injure 300 animals/hour.  Initially developed  
 
for studying neurogenesis following spinal cord injury, this technique readily lends itself  
 
to examination of axonal regrowth or recovery of sensory function, thereby expanding  
 
the relevance and usefulness of this companion model of regeneration. 
 
During mouse embryonic development, Dbx1 expression labels a multipotent 
population of cells that contribute to spinal neurons, astrocytes, and oligodendrocytes 
(Fogarty et al., 2005). Previous lab members have shown that the zebrafish ortholog 
dbx1a is expressed in the zebrafish spinal cord, that dbx1a+ cells contribute to the V0 
interneuron population during development.  They also established the transgenic line 
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Tg(dbx1a:eGFP) as an effective tool for studying dbx1a+ cells (Gribble et al., 2007, 
2009).  
Since murine Dbx1+ cells are lost neonatally, I asked whether zebrafish dbx1a+ 
cells persist beyond embryogenesis, based on the hypothesis that one of the key 
differences in the regenerative zebrafish and nonregenerative mouse was the persistence 
of a spinal neural progenitor population beyond embryogenesis. In Chapter 3, I showed 
that both dbx1a RNA and dbx1a:eGFP expression persists beyond embryogenesis.  
Additionally, I discovered that dbx1a expression identifies a subpopulation of neurogenic 
radial glia, suggesting that 1) dbx1a-expressing cells may have a role beyond 
embryogenesis and 2) that dbx1a expression may label a subpopulation of NPCs in the 
zebrafish spinal cord capable of responding to injury.  NPCs persist as radial glia in the 
zebrafish brain  (Johnson et al., 2014; Kizil et al., 2012; Kriegstein and Alvarez-Buylla, 
2009), but have not been previously characterized in the spinal cord.  
Using the transgenic line Tg(dbx1a:eGFP), I showed that embryonic 
neurogenesis was complete by 5dpf, and confirmed that the response to SCI at 5dpf was 
regenerative rather than a continuation of development.  Furthermore, I demonstrated 
that dbx1a:eGFP+ cells proliferate in response to spinal transection, and are the source of 
most of the neurons born postinjury found in the blastema.  Together, these data confirm 
that dbx1a:eGFP+ NPCs are highly proliferative and neurogenic in response to spinal 
cord injury, and highlight the necessity for additional studies to elucidate the mechanism 
by which these cells are activated.  
While dbx1a expression labels a subpopulation of NPCs, other subpopulations 
exist, including olig2+ and Sox2+ populations that contribute to motor- and Purkinje 
neurons, respectively (Kaslin et al., 2009; Reimer et al., 2008).  Since NPCs persist in the 
zebrafish CNS as radial glia (Kriegstein and Alvarez-Buylla, 2009), in Chapter 4, we 
sought to generalize our analysis of NPCs by generating an inducible-Cre line under the 
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pan-glial promoter GFAP: Tg(GFAP:CreERt2, cry:YFP).  Crossing Tg(GFAP:CreERt2, 
cry:YFP) to Tg(ubi:loxP-GFP-stop-loxP-mCherry) and screening for double-positive 
embryos (“GFAPubi”) provided a way to permanently label zebrafish radial glia with 
temporal control. 
Via immunohistochemistry, I showed that converted GFAPubi cells were 
detectable within 24 hours of induction with 4-hydroxytamoxifen, and that they were 
generally quiescent zrf1+ radial glia that minimally contributed to the spinal neuronal 
population during development.  After SCI, however, they rapidly proliferated as radial 
glia, and in the 7dpi blastema, 43% of the neurons present were mCherry+.  Due to 
limitations in antibody availability, it will be difficult to characterize these converted cells 
further.  However, utilization of other Cre-drivers expressed in neural progenitors in an 
injury model would be informative, such as Nestin:CreERt2, Sox2:CreERt2, and 
Ascl1a:CreERt2, as would the use of a floxed-stop-marker transgenic line under the 
ubiquitin promoter such as Tg(ubi:loxP-stop-loxP-GFP) to facilitate colabeling studies 
(Kaslin et al., 2009; Lendahl et al., 1990; Parras et al., 2004).  
As Wnt/β-catenin signaling has been demonstrated as necessary for regeneration  
 
after amputation (Stoick-Cooper et al., 2007; Yokoyama et al., 2007), I first used the  
 
Wnt reporter line Tg(7xTCF:eGFP) to determine if canonical Wnt signaling was  
 
expressed during spinal regeneration.  I showed that in the blastema, Wnt/β-catenin  
 
signaling is expressed from 1-7dpi, and via immunohistochemistry, I also showed that a  
 
portion of GFP+ cells were radial glia that expressed the neural progenitor marker Sox3.   
 
Furthermore, I showed that these GFP+ NPCs made neurons after injury.  Using the  
 
Wnt-inhibitor IWR1 to determine whether canonical Wnt signaling was required for  
 
spinal regeneration (Chen et al., 2009), I incubated injured larvae in IWR1 after surgery.   
 
This experiment showed a requirement for Wnt/β-catenin signaling from 2-5dpi, and  
 
that inhibition of Wnt/β-catenin signaling prevented converted radial glia from 
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differentiating as neurons.  Together, these data suggest a mechanism by which spinal  
 
cord regeneration is governed, and identifies a new target of injury-induced neurogenic  
 





My work has answered several outstanding questions in the field of spinal cord  
 
regeneration; I have also developed several tools to help answer others.  I have combined  
 
developmental biology, molecular biology, and microsurgical techniques to extend our  
 
knowledge of neurogenesis and regeneration in the zebrafish spinal cord.  
 
When I began my studies, the cells responsible for postembryonic neurogenesis 
in the spinal cord were unknown. Examination of regenerating zebrafish spinal cord had 
revealed a glial progenitor population, but those olig2+ cells only rarely make neurons 
(Park et al., 2007). I have shown that a neural progenitor niche exists outside the teleost 
brain: the spinal cord also harbors quiescent NPCs that can reinitiate neurogenesis 
beyond embryogenesis and in response to injury. 
I have also shown that these NPCs are GFAP+ radial glial cells that are dependent 
upon canonical Wnt signaling for their proliferative and neurogenic responses to injury. 
These findings are significant: the NPC population in the regenerative zebrafish retina 
are also radial glial cells (Nagashima et al., 2013), which suggests that future 
investigation in regenerative neurogenesis following spinal cord injury should focus on 
local radial glia and their progeny.   
Additionally, while the Goldman lab has shown a role for canonical Wnt signaling 
in the dedifferentiation of Müller glia following retina injury (Ramachandran et al., 
2012), no other studies prior to my work have identified a role for Wnt/β-catenin 
signaling during stem-cell-based CNS regeneration.  That spinal radial glia are unable to 
differentiate as neurons in the absence of canonical Wnt signaling raises the possibility 
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that any therapeutic intervention will have to include activation and modulation of 
Wnt/β-catenin signaling for functional and sensory recovery after spinal cord injury, and 
identifies an area ripe for further research. 
I have established the larval zebrafish as a companion model to the adult for 
studying spinal cord regeneration, and have generated a new stable transgenic line 
whereby Cre recombinase is driven by the GFAP promoter to permanently label radial 
glia.  
Previously, spinal cord regeneration analysis in the zebrafish was only possible in 
the adult (Becker et al., 1997), and therefore lacked access to potentially informative 
embryonic lethal mutations.  Establishing an effective and robust model of spinal cord 
injury in the larval zebrafish now gives researchers a method providing access to genetic 
tools, in vivo and timelapse analyses to answer questions about axonal regeneration, 
functional recovery, and injury-induced neurogenesis. 
With the ability to permanently label radial glia, I have created a new experimental  
 
paradigm whereby future researchers can ask further questions about the role of any  
 
signaling pathway implicated in injury-induced neurogenesis. Together, these tools can  
 
be exploited to further investigate why zebrafish can regenerate their spinal cord after  
 





My work has confirmed that NPCs persist in the zebrafish spinal cord beyond  
 
embryogenesis, and has shown that their neurogenic potential is subject to Wnt/β- 
 
catenin signaling.  However, my work has also identified additional questions for further  
 
study in the short term:  
 
1) Are regenerated neurons integrated into existing circuitry and do they 
become physiologically active? 
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To determine whether regenerated neurons become physiologically active and 
integrated into spinal circuitry, we can use transgenic reporter lines such as 
Tg(HuC:GCaMP6f-GFP) or Tg(HuC: loxP-stop-loxP-GCaMP6f-GFP) to study neuronal 
calcium signaling.  By imaging injured animals to detect action potentials in regenerating 
neurons, we will be able to determine to what extent neurogenic repair contributes to 
functional and sensory recovery. 
2) Does the inhibition of canonical Wnt signaling block functional or 
sensory recovery? 
Wnt/β-catenin signaling has been implicated in virtually all models of 
regeneration examined to date, suggesting that this signaling pathway may be the key to 
unlocking the regenerative potential in mammals.  I and others have shown the necessity 
of canonical Wnt signaling in injury-induced proliferation of NPCs and their 
differentiation as neurons.  However, it is not known whether Wnt/β-catenin signaling 
plays a role in re-establishing lost neuronal connectivity.  Treating injured 
Tg(HuC:GCaMP6f) fish with Wnt inhibitor IWR1 will help answer this question.    
3) What cell types are secreting Wnt after SCI? 
As Wnt is a secreted ligand, knowing which cell types are expressing Wnt after 
SCI may reveal additional therapeutic targets in the nonregenerative mammalian spinal 
cord.  Promising candidates include microglia and macrophages; these are actively being 
investigated by other groups using gene knock-out lines to prevent the generation of 
these cell types.   
4) What downstream targets of Wnt/β-catenin signaling are involved in 
injury-induced spinal neurogenesis? 
Lastly, identifying downstream targets of injury-induced Wnt signaling as 
possible initiators of neurogenesis will provide additional subjects of research for those 
seeking to ameliorate the effects of SCI in humans.  Possible candidates include the 
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proneural gene ascl1a and zinc-finger transcription factor sp5-like (Guo et al., 2011; 
Ramachandran et al., 2011; Weidinger et al., 2005) 
If we consider the larger goal of functional recovery following SCI in humans, in 
the light of my findings, major questions become apparent: 
 Why is the inflammatory response permissive to regeneration in zebrafish but 
inhibitory in humans? 





A role for macrophages in spinal cord regeneration? 
 
In both zebrafish and mammals, SCI triggers an immediate inflammatory  
 
response: macrophages are recruited to the injury site, targeting cellular debris and  
 
damaged axons (Hui et al., 2010, 2014; Kigerl et al., 2009).  Intriguingly, two distinct  
 
subsets of macrophages exist in mammals: the pro-inflammatory M1 macrophages, and  
 
the anti-inflammatory M2 (Hayakawa et al., 2014).  M1 macrophages are the first to  
 
respond to SCI in the mouse, and maintain high levels of expression at the site of injury  
 
for at least 1 month postinjury.  M2 macrophages are not present at the injury site until  
 
3dpi, and are detectable only until 7dpi (Kigerl et al., 2009).   
 
In the zebrafish, macrophages are characterized by expression of mpeg1.  
Zebrafish macrophage subclasses may also exist, but a lack of markers prevent their 
categorization (van der Vaart et al., 2012).  After SCI, both pro- and anti-inflammatory 
genes associated with increased macrophage activity are upregulated in the zebrafish 
spinal cord (Hui et al., 2014).  
Following caudal fin amputation in Tg(mpeg1:mCherry) fish, macrophages 
accumulate in newly regenerated tissue by 3-4 days postamputation (dpa) (Petrie et al., 
2014); canonical Wnt ligand wnt10a is also present in the newly regenerated caudal fin at 
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3dpa (Stoick-Cooper et al., 2007).  By expressing nitroreductase (NTR) under the mpeg1 
promoter, the Moon group was able to use the pro-drug metronidazole and 
Tg(mpeg1:NTR) to cytotoxically kill macrophages.  To examine the role of macrophages 
on the caudal fin regeneration, Tg(mpeg1:NTR) was crossed to the Wnt reporter line 
Tg(7xTCF:mCherry) and the double transgenic F1s were used for analysis.  In the 
absence of macrophages, fewer Wnt-reporter expressing cells (mCherry+) were 
detectable in the blastema, and a significant reduction in blastemal proliferation was 
observed at 3dpa, indicating a role for macrophages in both injury-induced Wnt 
expression and proliferation (Petrie et al., 2014).   
I propose that M2 macrophages are the source of canonical Wnt ligands in the 
regenerative spinal blastema.  In an in vitro model of chronic liver disease, macrophage 
engulfment of hepatic debris triggered Wnt-3a and -7a expression; however, it is not 
known whether these Wnt ligands were secreted by M1 or M2 macrophages (Boulter et 
al., 2012). Additional in vitro analysis of macrophages co-cultured with colorectal 
adenocarcinoma cells revealed that M2 but not M1 macrophages expressed canonical 
Wnts -1 and -3a (Cosín-Roger et al., 2013). 
Injuring larval Tg(mpeg1:NTR;7xTCF:mCherry) fish pretreated with NTR would 
reveal whether macrophages were involved in spinal cord regeneration, and whether 
they mediate Wnt signaling in the regenerating spinal cord.  Examining the regenerative 
response of injured Tg(mpeg1:NTR;GFAP:CreERt2;Ubi:switch) would elucidate the role 
of macrophages in governing the radial glial contribution to injury-induced 
neurogenesis.  It would also be informative to examine sensory and functional recovery 
following spinal cord injury in a mouse expressing the MaFIA transgene, which supports 
conditional and reversible macrophage ablation (Burnett, 2004). Alternatively, 
postinjury adoptive transfer of M2 macrophages into adult mice would conclusively 
demonstrate the importance of macrophages to spinal regeneration (Parsa et al., 2012). 
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Are there quiescent NPCs in the mammalian spinal cord? 
The NPCs of the zebrafish spinal cord are GFAP+ radial glia cells (RG) that persist 
as a relatively quiescent population in the absence of injury (unpublished data). 
However, in the developing mammalian spinal cord, once multipotent progenitor cells 
transition into RG, they cease cell division and terminally differentiate as astrocytes 
(Barry and McDermott, 2005; Pakan and McDermott, 2014). However, spinal 
ependymomas (glial tumors found in both children and adults) are believed to arise from 
rare multipotent RG-like cells that maintain the ability to self-renew (Taylor et al., 
2005).  High-risk ependymomas express elevated levels of nestin, a neural progenitor 
marker (Milde et al., 2012) and tend to have increased ErbB2 expression (Garcia and 
Gutmann, 2014).  Together, these findings indicate that not all mammalian spinal NPCs 
terminally differentiate as astrocytes. Furthermore, these data suggest that those few 
spinal NPCs that persist beyond embryogenesis preferentially support a neuronal instead 
of a glial fate. 
I hypothesize that mammalian spinal NPCs might be identified by co-expression  
 
of GFAP, nestin, and ErbB2, and that these cells are therapeutic targets for neurogenic  
 
activation following injury.  Once identified and characterized, these cells could then be  
 
isolated for adoptive transfer into injured animals.  In a companion study, zebrafish   
 
could be injured and treated with ErbB2 inhibitors SKLB1206, Trastuzumab, or  
 
Pertuzumab to confirm whether ErbB2 expression is implicated in spinal regeneration  
 





The results described in this dissertation advance the field of spinal cord  
 
regeneration by confirming the presence of NPCs in the postembryonic spinal cord that  
 
exhibit injury-induced neurogenesis.  Initially focused on dbx1a+ NPCs, I have been able  
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to generalize our findings to a subpopulation of GFAP+ radial glial NPCs, thereby  
 
increasing the relevance of this work.  I have established a new transgenic line capable of  
 
permanently labeling a population of radial glia and have provided preliminary data  
 
demonstrating that Wnt/β-catenin signaling is required for the neurogenic response  
 
after SCI, thereby laying the groundwork for further analysis of spinal cord regeneration.   
 
Finally, I have identified multiple opportunities for future efforts that will extend the  
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